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DECLARATION BY APPLICANT REGARDING 
OVERLY BROAD RANGE AND 
UNEXPECTED RESULTS 



Commissioner for Patents 
P.O. Box 1450 

Alexandria, VA 2231 3-1 453 August 2, 2004 



Commissioner: 

I, Takaya Sato, being first duly sworn, on oath makes the following statement 
and declaration of facts: 

I am a joint inventor of the above-identified patent application (the "subject 

application"). 

I am employed as chief scientist at Nisshinbo Industries Inc. of Tokyo, Japan 
("Nisshinbo"). I attended Shinshuu University, where I obtained a Masters 

r 
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degree in Chemistry, anci then I obtained my PhD from Kyoto University in 1 992. 
I have been employed with Nisshinbo for the past nineteen years and during my 
time there I have been involved in significant research, development and testing 
in the electrochemistry and polymer fields. I have also been involved in the 
creation and invention of several kinds of products in the polymer and 
electromechanical device fields, thereby utilizing my technical experience and 
background. Through my experience I have become well aware of the 
standards and terminology used in the battery and capacitor industry and have 
filed patent applications in the polymer science field. Throughout my nineteen 
years with Nisshinbo I have filed numerous domestic, Japanese patent 
applications In the same field of art and have had about thirty patents issued in 
Japan in the same field of art. I have also filed and have had issued ten United 
States patent applications in the same field of art since the year. 

I read the office action issued on serial number 09/807,214 mailed on 
may 13, 2004 and conducted the experiment of using the ion-conducting 
polymer which is able to dissolve at least the lithium salts at a concentration of at 
least 0.1 M (mol/l) which shows an electrical conductivity of 1 0" 6 S (siemens)Zcm 
at room temperature when dissolved with the lithium salts at a concentration of 
at least 0.1 M. 

The advantages of employing this type of polymer coated on the surface 
of the powdered electrode active material is to shift the critical point at which 
thermal runaway occurs to a high temperature side. No conventional art, 
including Hayashi et al., teaches or suggests these limitations. In order to 
prove the advantages, I provide a declared experiment herewith. 
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Definition of Overcharging 
Although UC0O2 itself is a stable material, it becomes unstable when 
number of Li atoms in the molecular formula is equal to or less than 0.5, thereby 
categorized as being in an overcharging state, which is known to explodingly 
generate heat or burn when exposed to a high temperature atmosphere. 

(1) A general equation expressing the reaction on a positive electrode of the 
lithium ion battery is: 

UC0O2 Lid-x)Co02 + xLi + xe- 

discharging 

(2) A following equation expresses the reaction of a fully charged lithium ion 
battery sold in a today's market: 

U0.5C0O2 U0.5C0O2 + 0.5U + 0.5e- 

discharging 

Experiment A (ion-conducting polymer coating) 
The electrode was prepared according to Example 4 (positive electrode) 
and Example 6 (negative electrode), and the sample battery was made 
according to (j) Charging/discharging tests on page 29 of the specification. As 
the supporting electrolyte salt 1M UBF4 in a 1 :1 volumetric mixture of 
ethylenecarbonate and diefchylenecabonate as the nonaqueous solvent was 
used. The sample battery was fully charged where the active material in the 
positive electrode was Lio.sCo02. 

Comparative Example B (polyvinyfidene fluoride) 
The electrode was prepared according to Comparative Example 1 
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(positive electrode) and Comparative Example 2 (negative electrode), and the 
sample battery was made according to (j) Charging/discharging tests on page 29. 
As the supporting electrolyte salt 1 M UBF4 in a 1 :1 volumetric mixture of 
ethylenecarbonate and diethylenecabonate as the nonaqueous solvent was 
used. The sample battery was fully charged where the active material in the 
positive electrode was Lio.5 i Co02. 

Measuring Method 
The fully charged battery was decomposed under argon atmosphere to 
extract the positive electrode active material (U0.5C0O2). The extracted 
positive electrode active material was filled in a sealable aluminum test container 
to perform differential scanning calorimetery (DSC). Temperature was 
increased at 10T7min to 400°C. The fallowing graph shows the heat flow 
measurement which shows some heatpeaks after 250X:. These are points at 
which thermal runaway occurs. This measurement was performed using a 
differential scanning calorirnetry (Seiko Instruments Company Limited). 

Results 

The following graph shows the thermal runaway reaction of Comparative 
Example B using polyvinylidene fluoride (PVdF) at 252^ while the thermal 
runaway reaction of Experiment A using the ion-conducting polymer coating 
went up to 302^ . Z. Zhang et al. explains about the experiment of measuring 
the thermal runaway point with respect to LiCo02 (normal state) and Lio.o 
14C0O2 (thermal runaway point). Z. Zhang et al. J. Power Source, 70, 16(1998) 
which is attached hereto. Z. Zhang et al. using PVdF shows the thermal 
runaway point approximately equal to Comparative Example B of this 



PACE 17/32 " RCVD AT 8/1 3^2004 12:34:47 AM [Eastern Daylight TtmeJ * SVR:USPTO-EFXRF-1/0 * DNIS:8729306 * CSID: • DURATION <mm-ss):13-20 



Rug 12 2004 9:45PM 



HP LASERJET 3330 



p. 18 



experiment. Accordingly, using the polymer type in the present invention gives 
significant advantages over conventional arts by offering stability and safety. 
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I hereby declare that all statements made herein are of my own 
knowledge are true and that all statements made on information and belief are 
believed to be true and further that these statements were made with the 
knowledge that willful false statements and the like so made are punishable by 
fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code and that such willful Ifalse statements may jeopardize the validity of the 
application or any patent issued thereon. 



Takaya Sato 



August 2, 2004 



Chiba, Japan 
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A bstract 

Diflercnlkl scanning CLilorimetry (DSC) h^s been demonstrated to be a useful means of studying the reactivity of materials used in 
lithium-ion cells. In [fit present Study, the reactivity of three most cnmmonjy used transition metal cxides, i.e. Li^NiO-,. Li r CoO,, 
Li v Mn ; 0 4 , in the prou^nce of electrolyte were investigated by DSC, The must commonly used negative electrode material cntbon 
l-t.XJ w as alj;o studied. In the paper, relative levels or reactivity of the rnateiinfs as n function of stoic biometry arc reported. The 
implications eF the results on the safety of lilhiu rci-ion cell?; are discussed © 1 99 Ft Elsevier Science S.A. 

AVnri>u/.T.- Labium -Ion bailer; en; Safely; DiffcrenltnJ scanning c a tori roc I ry; Ktocltvity 



1- Introduction. 

Lithium-ion technology using lithium transition metal 
oxide positives and carbon negatives is rapidly becoming 
the stale-of-rhe art rechargeable battery technology. A 
unique combination of high voltage, high energy density, 
excellent cycle life and moderate rate capability has made 
the Li- ion ceil one of the leading power sources for □ wide 
range of portable eleclronics applications [I]. The technol- 
ogy also shows promise for eventual electric-vehicle appli- 
cations. 

Although the replacement of metallic Li with carbon 
intercalation negatives significantly improved the safety of 
secondary Li cells, some concerns remain, particularly in 
view of recent problems in the field [2]. Li-ion cells ate not 
immune to safety incidents since their thermal stability 
limits are finite. We have found that cells deliberately 
heated to high temperatures eventually undergo a thermal 
runaway reaction, producing very high cell temperatures, 
smoke and even fire [3]. This implies that under abusive 
conditions, the potential exists to heat a celt beyond its 
thermal stability limit, initiating the runaway reaction and 
producing a safety incident. To date, safety engineering 
has played a key role in mitigating potent a! safety prob- 
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lems. Techniques such as precise charge control, internal 
fusing and over-pressure disconnect devices have been 
quite successful in achieving battery safety. 

From a materials point of view, the safety character- 
istics intrinsically depend on the stoichiometry of the metal 
oxide electrodes and carbon electrodes (_y in Li Jf Ni0 2 and 
Li v C 6 for example). The x values in the three most 
commonly used metal oxide materials, i.e. Lt r Nt0 2 , 
Li a Co0 2 and Li^MnjO^, have been found to have signifi- 
cant impact on their thermal stability at high temperatures. 
Thermal 'gravity analysis (TGA) studies of electrolyte free 
Ll r Ni0 2 , Li v Co0 2 and A-Mn0 2 samples have been re- 
ported [4], where small values encouraged the decompo- 
sition of the active materials with the liberation of 0 2 . 
Even though the carbon intercalation electrode is much 
safer than Li metal [5], it still can react with the electrolyte 
and generate heat under abusive conditions, especially for 
large x values in Li t C fl . 

Fn practical cell operation, both the positive and nega- 
tive electrode will undergo reactions with the electrolyte if 
the cell is abused. Although many companies have re- 
ported results of cell safety evaluations, data on the anode 
and cathode intrinsic safety properties, and their reaction 
mechanisms with the electrolyte have been sparse. Because 
of the exothermic nature of the reactions, differential scan- 
ning caJorimetry (DSC) offers a convenient means of 
studying the reaction rates and mechanisms under con- 
trol fed conditions- With this technique, samples are heated 
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al a controlled rate, and the heat Flow to or from the 
sample is measured. By comparing heat flow rates, onset 
temperatures and iota! heal generalion, the effects of vari- 
ables such as electrode materials, stoichiometrv and elec- 
trolyte compositions on eel! safety can be readily studied. 

The present DSC investigation deals with the intrinsic 
reactivity of Li r Ni0 2 , Li r CoOj, Li^Mn^O,,, and at 
different .v values in the presence of the electrolyte. The 
understanding of such reactions is essential in the design 
of safe, high performance Li -ion cells. 

2. Experimental 

LiNi0 2 was obtained from FlViC, LiCoO^ from Fuji 
and LiMn 3 0 4 from Chcmetals. The MCMB25-28 (meso- 
carbon microbeads, average particle size of 25 jxm. graphi- 
tized at 2800 °C) carbon materia] was purchased from 
Osaka Gas, Electrodes were made by slurry-coating on 
aluminium Or copper substrates. All electrodes used poly- 
vinyl idene fluoride (PVDF) binder (Elf Atochem). Unless 
noted otherwise, ihe electrolyte used in the study was 1.0 
M LiPF 6 (Hashimoto) in ethylene carbonatc/di methyl car- 
bonate (EC/DMC) (1:1 by volume). Both EC and DMC 
were obtained from Grant Chemical. 

Sample preparation initially consisted of de-intercala- 
tion of LiNi0 3 , LiCoOj, or LiMn 2 0 4 electrodes, or inter- 
calation of carbon electrodes. This was carried out in 2325 
coin cell hardware using an Li rneral foil as the counter 
electrode at a current density of 0.1 mA/cm 2 . The cells 
were either charged {metal cxide samples)- oar discharged 
{carbon samples) to a predetermined capacity to achieve 
the desired stoichiametry for the materials under study. 
Voltage cutoffs were also used (5 0 V for cathode materi- 
als, 0.01 V for anode. materials) to rnsurc that only interca- 
lation reactions occurred during the sample preparation. 

The coin cells were then transferred to a glove box 
containing an argon atmosphere, and opened. About 0.5 — 
1.5 mg of the active materials of interest was taken, placed 
in aluminum DSC cells and hermetically sealed by crimp- 
ing. The Li metal and separator were discarded. Unless 
otherwise noted, all the lithiated oxide samples had 16—26 
electrolyte and the carbon samples had ~ 30 wt.% 
electrolyte. All DSC calculations were based on the overall 
weight of the sample. The DSC experiments were carried 
cut on a Model DSC 10 differential scanning calorimeter 
(TA Instruments) at a ramp rate of 10 *C/min. The 
temperature range utilized was from room temperature to 
400 °C. Exothermic and endo thermic reactions as a func- 
tion of the* temperature were plotted as positive nnd nega- 
tive heat flow T respectively. 

3. Results and discussion 

The stoichiometric values of Hdiiurn nickelate, cobal- 
tate, manganate and MCMB25-28 carbon covered in the. 



Table i 

Summary of msrtHM SHiichJoroetry values for DSC tests, x values in the 
indicated compct^ntl, 1 : - 
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present studies are Summarized in Table I . Fig. 1 shows 
the DSC curves of Li r Ni0 2 plus the electrolyte for ,x 
values of 1.0 to 0.05. The LiNiOj was tjuite stable ever the 
entire temperature range, and only a small endothermic 
peak from 250 to 280 °C was observed. This appeared to 
be due to electrolyte endothermic reactions. Scans cn solid 
LiPF 6 and the electrclyte both produced endothermic peaks 
in this temperature range. As the x values of the Li v Ni0 2 
decreased, a gradual increase in reactivity was observed. A 
highly exothermic reaction occurred with x <, 0.25 having 
an onset temperature around 200 °C. To determine if the 
reaction was the result of oxidation reactions between the 
delithialed nickel material and the electrolyte miner than a 
simple decomposition of the Lt j NiC 2 material, a sample 
of Li 02J NiO 2 was washed several times in DMC and 
vacuum-dried prior to analysis. Fig. 2 compares Li 0 2j NiO 2 
with and without the washing /vacuum-drying procedure. 
Il can be seen that the washing/ vacuum-drying procedure . 
reduced the exothermic energy significantly, from 1256 to 
J 46 J/g. When electrolyte was reintroduced to the sample, 
the reactivity returned to its original value, confirming that 
the electrolyte was involved in Lhe reaction. When 
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Fig. 1. DSC enrves for T.,f t Ni0 2 plus eScctrolytc. 
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Frg. 2. .DSC curves comparing Li 0L1 NiO I wrth snd without a 
u'nshing/vactjuTTvrfryirig procedure to remove electrolyte. 



EC/DMC solvent mixture was reintroduced to dried sam- 
ples, the reactivity returned, but at a somewhat lower level, 
suggesting that both the solvents and the salt were in- 
volved in the reactions Funhcr wwk will be necessary 10 
quantify their relative contributions. 

Fig. 3 shows the results of similar experiments with 
Li r Cn0 2 plus electrolyte. The onset temperature of the 
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Fig. 3. DSC curves for Li,Co0 3 plus cleclrolyle. 
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major exothermic peak was aboul 230 X\ Slightly higher 
ihan that of Li,NiO a . Split exothermic peaks were gener- 
ally observed, Suggesling possible slower reaction kinetics. 
In general, the thermal character- is ties of LixCo0 2 plus 
electrojyte were simitar to Li r Nj0 3 but with somewhat 
lower reactivity. 

Fig, 4 shows similar DSC curves for U_ r Mn 2 Oj plus 
electrolyte. LiMn-,0^ exhibited some reaction with the 
electrolyte starring at about 250 °C. Two peaks between 
250 and 300 °C were observed. Pbr Li 02 Mn J O 4 , the onset 
temperature shifted to a lower temperature of 225 *C and 
an additional peak starting at 325 °C was also observed. 

The overall heal generation under the exothermic peaks 
is a direct indication of the reactivity between the active 
materials and the electrolyte. Fig. 5 summarizes the data as 
a function of charge capacity. It shows that highly delithi- 
ated Li r Ki0 2 was the most reactive material. Li J Co0 3 
was slightly less reactive than Li ( NiO a , while the reactiv- 
ity, of Li.MrijO,, was the lowest and the least sensitive to 
changes in .t. The nearjy linear increase in reaction energy 
as a function of the charging slates of (he oxide materials 
suggests that the reaction amplitude depends on the avail- 
able + , particularly where M — Ni or Co. and that 
Mn 4 + exhibits less oxidation capability relative to the 
others. Although U t NiO ? and L.i,Co0 2 can be charged to 
low x values and produce high celf capacities, the results 
here suggest that mis will result in a significant penalty in 
overall cell safely. 

Fig. 6 shows typical DSC curves" for MCMB25-2S 
_ carbon plus electrolyte. The unintercalated sample showed 
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'Fig. 5. Overall hzu\ generation of the ihrce lithium transition metal oiidcs 
at; a function of charge cnpaciiy. 



only the electrolyte endolhermic peak at about 27C °C, 
which was also observed for LiNi0 2 nnd Li Co0 2 .. After 
charging to a capacity of 85 mAh/g (Li l>33 C A ), 170 
mAh/g (U 0 ^C ft > and 340 mAh/g (Li n9) C 6 ), all the?>e 
intercalated samples exhibited a small exothermic reaction 
with a low onset temperature of about 130 °C- However, 
the heai associated with these peaks was small (44, 26 and 
41 J/g, respectively, for this series), and independent of 
the x values in Li T C A . Over many experiments, the maxi- 
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Fig. 6, DSC curves for Li 4 C 4 plus, electrolyie. 
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Fig. 7. DSC cuivci. com|»nring U n? |C fl with and wMhom ii 
washing/ vacuum-drying procedure lo remove clecinolyie. 



mum value observed was 120 J/g. The data suggest that 
these peak*; were therefore related to the surface passiva- 
tion of the lithiated carbon materials. Wi(h all the Li-inter- 
calated samples, a second broad peak was observed start 
ing at 230 °C and the reaction heat increased as x in- 
creased. This penk appeared to be superimposed with the 
electrolyte er>dothermic peak and, thus, the resulting net 
heat generation was not very high. For example, the 
integrated heat for the fully . intercalated sample Li 09l C 6 
was about 360 J/g compared with a maximum of 1600 
J/g for the Li r Ki0 2 samples. The exothermic peaks for 
the carbon samples were also broader, spanning a 100 °C 
range (a 10 min interval)- This relatively slow reaction 
might be relaLed to slow diffusion of Li out of the 
MCMB25-28 lattice. 

, Fig 1 compares Li 0.91 C e with and without die wash- 
ing/vacuum-drying procedure. The peak at 130 °C disap- 
peared after the washing/vneuum-drying procedure (and 
came back after reintroducing electrolyte), but the higher 
temperature peak remained and increased somewhat in 
magnitude. The increase may have been due to the absence 
of the electrolyte endo thermic decora position and evapora- 
tion. Very recent DSC data have indicated that the high 
temperature peak may be the result of reactions between 
the PVDF binder and Li. 



4. Conclusions 

DSC has proven to be a useful technique to study the 
reactivity of active materials used in Li -ion cells. The 
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present study indicated significant exothenfijc reaction be- 
j. ttveen'ccrrjmonjy used cathode materia].*; and' electrolytes. 

f The reactions appeared to be due to contributions from the 

\ solvents, and possibly the salt. BolIi Li x Ni0 2 and Li,CoO : 

exhibited strong reactivity with onset temperatures in the 
200 to 230 P C range as x was decreased, suggesting that 
control of the .stoichiomelry of these materials is very 
important Tor achieving system safety. In contrast, 
Li T Mn 2 0 4 reaction occurred at about 225 °C v^ith less 
energy and less sensitivity to changes in jc. Li- intercalated 
carbon in the presence of electrolyte produced DSC 
exotherms in two temperature ranges. The first was a low 
energy peak with onset temperature at approximately J 30 
D C, which appeared to be due to surface passivation of the 
lithiated carbon materials. The second peak started at about 
230 b C and may have involved the PVDF binder material 
of the electrodes Further work is underway to determine 
the mechanisms responsible for the exothermic reactions 
for both the cathode and the anode materials. Daca of this 
nature are invaluable in the design of safe, high energy 
densiry electrochemical systems. 
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.TfjbLYANILINE 1 ' : (jNTERCONVERSION OF METALLIC AND 
INSULATING FORMS'^ 



^ AN (§1 MACDJJiBMXD., (JlH^QftlH CHIAJ15, (ijJARC HALPERN, 
J^SONG HUAN£, ^IHAO ^r.IN ' MU , ^JAYAKKARA (I) . fy. SOMA&IRI 
V ^\NQUN vftTand (S^UART^- 5mIGEB„ 

Department of Chemistry v University of Pennsylvania, 
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Abstract "Polyaniline" has been synthesized in various 
forms both chemically and electroche^ in aqueous 

media. The quinoid-benzenoid-diiniine form, an insulator, 
is doped by dilute aqueous protonic acids to the metallic 
regime ( a - 5 olim^cin- 1 ; compressed pellet) to give the 
corresponding iminium salt. This represents a nev type 
of p-doping phenomenon in a conducting polymer. Both these 
forms are stable in the presence of air and/or water- The 
doping process :ls reversed by treatment with aqueous alkali. 
Cyclic voltammetry studies in an aau.eo.ixs_ei,ec.trol3rte. show 
excellent reversibility between selected reduced and oxidised 
forms of polyaniline. 

INTRODUCTION • 

"Polyaniline" has been described in many papers 1 during the past 
approximately 100 years in various, usually ill-defined forms such 
as "aniline black", Uf emerald ine" , "nigraniline" , etc., synthesized 
by the chemical or electrochemical oxidation of aniline, ^Cgii^lMng- 
The present study involves an investigation of some of the different 
forms in which polyaniline may exist and also its novel p-doping 
to the metallic regime by a simple acid/base reaction involving no 
formal oxidation of the polymer. 

CONSTITUTION OF POLYANILINE 

We believe polyaniline can be prepared in the four idealized forms 
given below, at least when its synthesis and any subsequent treat- 
ment are carried out in aqueous media. The polymers in the left- 
hand column are considered as being derived from the amine, 1A 
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(A = araine), and are hence designated (in increasing degree of 
oxidation) as 1A and 2A» 

F REE AMttNg FORM AMMONIUM SALT FORM 



IA 

INSULATING 



INSULATING 



OXIDIZE 



REDUCE 



OJCintZE 



INSULATING 



METALLIC 



(1) 



„ , ,. nfa7 ., nn , rfJ r .t- p h a t vill by chemical and/or 

Ttiese forms may. be mtei conver^ea a,L wxj-j. ^ . , . 

e^rochemical oxidation or reduction. The chemical or electro- 
chemical oxidation of 1A to 2A involves the reaction: 

1A + 2A + 2H+ + 2e- 

The materials in the right-hand column are regarded as being de- 
rived from the ammonium salt, IS (S = salt), and are hence deaig- 
rivea utiu L ftviHBtinn) as IS and 2S. These forms 

nated in increasing degree of oxidation; as id plp , + ro , hem _ 

may also he interconverted at will by chemical and/or electrochem 
ical oxidation or reduction. . 

Preliminary electrochemical studies suggest that it may be pos 
sihle to oxidile both the 2A and 25 fom, f to £|™ ^ 

regain as epecutalive" only, until they have been charactered. 

A ffiven "A"' form, e.g. 1A, may be converted to a gi^en b 
for., efgl ?S, by treatment vith an aqueous ^J^V^eaSns 
HC1. The acid :may he removed to regenerate the A form _ by treating 
the "a" form vith an aqueous solution of a base such as MDH. Ele 
mental analysis of form 2S shows that even when form 2A is ^eated 
viUh concentrated (10 molar) aqueous EC1 that only one of the two 
Tlloll in lte monomer unit is protonated. This is not ™-PJ««* 
since in a veak base containing tvo M atoms , protonation of the 
Srst N atom is expected to be easier than protonation of the second. 

Form 2A is of particular interest since like iCHj^m 
appears to have a degenerate ground state, (a) and U>) , via., 

(0=^^ ^0=,-} 



(a) 



(b) 



and hence it might exhibit defect states in the form of solitons. 
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SYNTHESIS OF POLYANILIME 



Lng 
-1 

ond « 



In the present investigation polyaniline vas synthesized chemically 
as a dark blue/black povder, [ (=( )°N- (CgH^J -N(H)= ) + Cl~] x , (form 
2S) by treating a 1 molar solution of aqueous HC1 containing dis- 
solved aniline, with the oxidizing agent ammonium peroxydisulfate , 
(NH^^S^Og. Protonation -was completed by washing the povder with 
1 molar aqueous HC1 followed by drying under a dynamic vacuum 
( ~ 10 microns) at room temperature for several days to remove water 
and HC1. After this time the gond uc&iYl:fcy;.,_ ( comprea sed pellet; four 
probe) had decreased to a constant value of - 5 ohm" 1 cm™ 1 . Ele- 
mental analysis of several samples (e.g. , %C + %E + %N + %C1 = 
97 »5%; 0%S) showed that a maximum of one HC1 combined with each 
monomer repeat unit (containing two N atoms). Nonvolatile acids 
such as H 2 S0i! should not be used in any stage in the synthesis 
as a substitute for HC1 since upon removal of the water under 
vacuum a thin film of concentrated I^SOi^ will remain on the 
particles of the powder. 

The 2S form can be converted to the 2A forin., a dark purple/ 
black powder exhibiting a copper glint ( a , 2 probe of compressed 
copper-colored pellet, ^ 1Q-11 ohm-J-cm" 1 ) by stirring with a 0-5 
molar solution of K0H in a water/methanol mixture followed by 
washing with a water/ methanol mixture and drying under a dynamic 
vacuum- Elemental analysis shows that essentially all the HC1 is 
removed by this procedure. For example, in one preparation only 
0.0U mole of HC1 remained for every mole of monomer repeat unit 
"<%C-+ %E + %N + %C± = 97-37^; S, "trace"). 

Excellent cohesive dark green films of form 2S (containing 
fluoroborate anion) were synthesized electrochemically on Pt foil 
in 5 ml of h£>% aqueous HBFi^. containing 1 ml of aniline and 10ml of 
distilled water. Successive increments of 0,05V were applied be- 
tween two Pt electrodes (each 1 cm 2 ; 1 cm apart) until a potential 
of 0.7 5V was reached. The current was not permitted to rise above 
1 mA. The potential was then held at this value (anode potential 
0.7 2V vs. SCE, MaCl salt bridge) for 20 hours and the anode on 
which the film ( ca . 3 mg») had been deposited was washed with l6% 
aqueous HBFl; and dried under dynamic vacuum. Free standing films 
can be prepared using a conducting glass anode. The I/R spectra 
of the chemically and electrochemically synthesized forms of 2S 
were identical except for differences attributed to the different 
anions- 

Form 2 A may be reduced to form 1A chemically by a reducing 
agent such as hydrazine, ^2 H U> or electrochemically at a potential 
of - 0«8v (vs* Zn +2 -/Zn) . The electrochemically prepared 1A exists 
as a very pale yellow, semi transparent thin film* 

PEPTONIC ACID DOPING 

The. conventional method of p-doping (oxidising) an organic polymer 
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, of eleC tron S fro* ths pi system of the polymer by 
involves removal ol eiecx.iu , 

chemical oT^lertrocheinieal oxidation. : , .. 



(2) 
(3) 



(polymer) - (polymer) + ^ + y*~ 

■e.g- (CH) X - (l.5xy)l 2 * KCHWliVx 

^ ^.doroe a conducting polymer 
In principle it should be possible hence partly 

of the polymer: 



(polymery +yH + * (polymery ) + ^ 
(base) (acid) (salt) 
,his is a si^le e.cid/base interaction, ia *>icH no formal oxida- 

tion or reduction occurs. 2A . wastl ed with an aqueous 

We have found that when form 2A « ™ an lnsulat or- 

protonic acid such as HCI ^ H ^U ^ *n conductivity- of ~ 10H.: 
metal traneition involving an increase i 



(M 



[ 



s ' % ttpi f( = (C^H, )^N-(C fi H,.)-N(H) = ) CI l x C5> 
= (C 6 H U )=N-(C 6 H U -N=) + xHCl * H ^ C 6 H U ^ 

(form 2A) 

^ w +rpfttment vith aqueous base. 
This transition is readily reversed by of form 2A to the 

.he extreme -"J^^vES SIS It i-Vli^t.d is 

P H of the aqueous HCI solution 
illustrated in Figure 1. 
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FIGURE 1 Belationship between the ^ * 
of the aqueous HCI vith resulting dried pov- 

i B washed and (l) the conductiv^ of ^ absorb- 
der U); (2) the frequency of the ring 
ance, (0), of the dried powder. 
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Each data point gives the conductivity of a ~ 250 mg sample of 
form 2A after it had been stirred with, 500 ml of aqueous HC1 of 
various selected concentrations. After 55 hours the pH of the 
solution -was measured, the resulting polyaniline. powder ma 
dried under dynamic vacuum for 2^-7 2 hours and its conductivity, 
I/E spectra and elemental composition were determined* 

The relationship between the conductivity of selected samples 
and the percent doping is given in Figure 2, Since each HC1 
molecule which reacts with form 2A is associated with a Cl~ ion, 
the (C1:N ratio) '100 will represent the percent of the N atoms 
which are protonated, i.e. will represent the percent doping- 
The curve given in Figure 2 is characteristic of conventional 
doping of a conducting polymer, i.e., the conductivity rises rapidly 
at the beginning of the doping process and then shows little change 
even though the polymer becomes more highly doped- 
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FIGURE 2 Relationship between the conductivity of polyani- 
line (form 2A) and percentage of protonation, i.e. percentage 
doping. / 

Also shown in Figure 1 is the change in the frequency of the 
I/R (CgH^) ring breathing absorbance. As can be seen, the frequen- 
cy of this absorbance decreases as the conductivity increases. If 
the proton should interact and partly depopulate the pi system, of 
the polymer the frequency of this mode may decrease with increasing 
protonation since the C-C bond order (and hence, force constant) 
in the (CgH^) ring decreases with decreasing population of the bonding 
pi orbitals- As can be seen from the classical resonance forms of 
form 2S given below, it is to be expected that positive charge 
will be transferred in part from the N to the pi system of the 
(C6H1;) rings- This will result in a partial derealization of 
positive charge along the polymer chain. The charge will naturally 
be pinned close to the anion, A~ and derealization will become 
less extensive as the distance from the U"** atom, increases* 



PACE 29/32 - RCVD AT 8/1 3/2004 12:34:47 AM [Eastern Daylight Time] - SVR:USPTO-EFXRF-1/0 ■ DNIS:8729306 - CSID: * DURATION (mm-ss): 13*20 



Hug 12 2004 9:50PM HP LASERJET 333Q 



p. 3Q 



ft 

i: 



if 



8$ 



173 



k 

i 



I 



iff 



fife. 

w 

if 



A. G. MACDIARMID el aL 



ELECTROCHEMISTRY 



to obtain a «l f e "f^^V^ 

reduction relatlonB^p between tg L^a , were performe d 

cyclic voltametry studies i an "fTl deposited as a. thin film on a 
using polyaniline electrocfceuacally deposit ett ele ctrolyte , 

Pt electrode as described above (see Figure ^ & ^ ^ seen 

from Figure 1, the polyanilme vill ^^ en P electrode , NHE , may be 
»r»- Potentials vs. ^ ™™?Jlf s ° f X p er Cental values observed 
obtained by subtracting O.TbV irom u v 
vs. the Zn reference electrode. 




VOLTAGE <V> 



£0 , 



vs. £n +2 /Zn reference electrode. 
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It should be noted that gcod cyclic voltammograms are usually ob- 
tained more readily with thin films than with powders. The cyclic 
voltammograms described here cannot, therefore, he correlated 
exactly with, a given form of the chemically synthesized polyamlxne 

deSCr in e the b oIid a tio:a cycle the pale yellov form 1A is characteriz- 
ed by a potential of ~ 0.50V ; a dark green form, possibly form 2A 
by a peak potential at 1.10V and a dark blue form, , possibly form 
■3A, by the potential at 1.58V. It is possible that the dark blue 
material characterized by the peak at 1.58V might actually be 
form 2A and the dark green material characterized by the peak at 
1.10V might merely be partly oxidized form 1A. Hoveyer until the 
nature of the peak at 1.58V is clarified, the peak at 1.10V will 
be assumed to be characteristic of form 2A. It should be stressed 
that the cyclic voltammograms are very sensitive to changes in the 
P H of the electrolyte. The cyclic voltammograms discussed here 
are not necessarily characteristic of polyaniline m electrolytes 
other than that used in these studies. 

In view of the less than ideal reversibility of the above redox 
processes a second set of cyclic voltammograms were obtained under 
identical experimental conditions usi^g an identical film of poly- 
aniline except that the oxidation step was arbitrarily terminated 
at 1.U0V. These are shown in Figure 4-. 
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FIGURE h Fifty cyclic voltammograms- betveen 0.50V and lAOV, 
(5mY/sec) of poly-aniline in (l.OM SnCl 2 + 0 . 5M NHUC1; pH ~ h) 
VSa Zn +2 /Zn reference electrode- 
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It can be seen that excellent 

sr.: s^STcjciS! .« - - - 

battery studies described elsewhere. 



CONCLUSIONS 

^T^ent -at >be dive.se ,or r s in r cb * 
synthesized and inter converted electrochemistry and 

a 7 potentially large and rich f^J"*' e £ f the qui noid ben- 
physic,. The novel protwic.^ dop ing regime is of 

zenoid diimine form of P^^^^^Ll interest, 
particular experimental and theoretical 
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